Introduction {#Sec1}
============

Beetroot (*Beta vulgaris L*.) is cultivated throughout the world for its vegetable and juice value^[@CR1]^. It contains high concentration of betaine, vitamin A, B6 and C, folic acid, protein, carbohydrates, potassium, iron, soluble fibre, sodium and magnesium^[@CR1],[@CR2]^. It has attracted much attention not only because of its rich nutrient content but also because of its medicinal significance^[@CR3]^. It also helps to minimize blood pressure, manages cardiovascular health, improves stamina and muscle power, maintains blood circulation and slows the progression of dementia^[@CR4]--[@CR7]^. According to a report by British Dietetic Association (BDA), beetroot contains anthocyanins which can minimize the effects of pollution on the body. In addition, it is used as a source of natural antioxidants which aids to protect cells against oxidative stress in humans^[@CR8],[@CR9]^. Its medicinal values have been associated with the number and amount of nutrients present in it^[@CR4]--[@CR7]^. The amount of nutrients starts to break down after harvest. However, the rate of nutrient losses can be minimized by proper storage^[@CR10]^.

During storage, it releases heat from respiration and subsequently loses moisture^[@CR11]^. As a result, swift softening and decay progress which decreases the shelf-life and nutritional quality^[@CR11]^. In order to preserve and to increase its storage stability, numerous preservation methods have been employed^[@CR3],[@CR12]^. However, every preservation process decreases the amount of nutrients in it^[@CR3],[@CR12]^. Especially, processes that expose beetroot to high levels of oxygen, light and heat cause the greatest nutrient loss. Salting, pickling, fermenting, drying, canning, freezing, pressure canning and dry salting are the commonly used preservation methods^[@CR13]--[@CR16]^. Of all these methods, freezing appears to be promising in maintaining its initial quality for few days. In order to retain the amount of nutrients, beetroots are stored in the refrigerator at a temperature of 0--4 °C^[@CR17]^. This low temperature is sufficient to decrease the rate of microbial growth, deterioration and biochemical reactions.

Controlled cold storage plays a major role in extending shelf-life. Beets with the greens can be stored in the refrigerator for few days^[@CR17]^. However, beets with the greens detached can be stored for 14 days in the refrigerator^[@CR17]^. Storage reduces the moisture loss and increases shelf-life. Furthermore, its shelf-life can be extended by integrating refrigeration with a controlled atmosphere comprising of a mixture of carbon dioxide and oxygen in an airtight room^[@CR13]--[@CR16]^.

During fresh harvest, there are heterogenous shades of red and purple. However, during storage, the heterogeneity turns to dark shades of red and purple^[@CR3]^. Visual quality loss (sprouting, dehydration, wrinkled, dull in vibrant red-purple colour) takes place if no proper refrigerated storage is used, limiting its commercial value^[@CR3]^. The retention of vibrant red-purple colour during refrigerated storage is usually considered as a measure of quality^[@CR18],[@CR19]^. But, together with slight colour (vibrant red-purple) change, there can be aroma changes which could be adjudicated negatively by consumers and producers. Due to these reasons, developing new analytical methods for monitoring the moisture level of beetroot have recently gained attention^[@CR13]--[@CR16]^. To date, numerous methods have been proposed to measure and to detect the moisture level of beetroot^[@CR13]--[@CR16]^. However, these analytical methods require sample pre-treatment. On the other hand, Fourier transform infrared spectroscopy (FTIR) doesn't require sample pretreatment^[@CR19]^. To the best of our knowledge, there are no reports in literature employing FTIR for the estimation of its moisture level. Thus, the main objective of the present research was to examine the impact of decrease of moisture content on its quality using FTIR spectroscopy. Also, principal component analysis (PCA) and Gaussian curve fitting algorithm were applied to FTIR data to develop quality predictive models for the determination of its moisture level during cold storage.

Results and Discussion {#Sec2}
======================

Characterization of FTIR spectra of fresh and spoiled beetroot samples {#Sec3}
----------------------------------------------------------------------

The FTIR spectra of fresh and spoiled beetroot test samples recorded in the spectral range of 400--4000 cm^−1^ are shown in Fig. [1(a)](#Fig1){ref-type="fig"}. As can be seen from Fig. [1(a)](#Fig1){ref-type="fig"}, the main differences between the FTIR spectra of fresh and spoiled beetroot test samples were observed in the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^. The FTIR spectra of fresh and spoiled beetroot test samples showed wide and strong bands at 3319 and 1637 cm^−1^, which corresponded to asymmetric and symmetric stretching vibrations of OH groups and H-O-H bending arising from the moisture content of beetroot test samples respectively. The results of transmittance at 3319 and 1637 cm^−1^ were in agreement with the results of Kong *et al*.^[@CR20]^ and Saikia *et al*.^[@CR21]^. The OH and H-O-H bands of spoiled beetroot test sample became much weaker compared to the OH and H-O-H bands of fresh beetroot test sample. These weak bands were due to the loss of moisture content resulted from the liberation of heat during beetroot respiration. Since the wide and strong bands observed at 3319 and 1637 cm^−1^ were specific to the moisture content of beetroot test samples, FTIR spectra of fresh beetroot test samples were recorded for a period of 34 days in the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^ for the detection of spoilage level of beetroot test samples.Figure 1(**a**) FTIR spectra of fresh and spoiled beetroot samples recorded in the spectral range of 400--4000 cm^−1^ and FTIR spectra of beetroot samples recorded for a period of 34 days in the spectral ranges of (**b**) 2614--4000 cm^−1^ and (**c**) 1465--1853 cm^−1^.

Figure [1(b) and (c)](#Fig1){ref-type="fig"} show the FTIR spectra of beetroot test samples recorded for a period of 34 days in the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^. The FTIR spectra shown in Fig. [1(b) and (c)](#Fig1){ref-type="fig"} displayed differences in transmittance across the mid-infrared regions with the increase in days of beetroot storage. The significant difference in transmittance was due to the loss of moisture content of beetroot test samples. Since the beetroot test samples were stored for a long period of time, it released heat from respiration and subsequently lost moisture, which in-turn decreased the stability and increased susceptibility to decay. Figure [2(a) and (b)](#Fig2){ref-type="fig"} show the Gaussian fitted FTIR spectra of beetroot test samples recorded for a period of 34 days in the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^. The height, area, width and centre of the Gaussian peak corresponded to the values of *T*~*p*~, $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\nu }}_{c}$$\end{document}$ respectively.Figure 2Gaussian fitted FTIR spectra of beetroot samples recorded for a period of 34 days in the spectral ranges of (**a**) 2614--4000 cm^−1^ and (**b**) 1465--1853 cm^−1^ and (**c**) principal component analysis score plot for beetroot quality classification.

The parameters of Gaussian fitted FTIR spectra of beetroot test samples recorded for a period of 34 days in the ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^ are given in Supplementary Tables [1](#MOESM1){ref-type="media"} and [2](#MOESM1){ref-type="media"} respectively. The reliability and goodness of fit of Gaussian model were investigated using adjusted regression coefficient. The adjusted R^2^ is calculated as,$$\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{i}^{p}$$\end{document}$ are the observed and predicted transmittance, *RSS* is the residual sum of squares and *TSS* is the total sum of squares. The Gaussian model exhibited the high value of adjusted R^2^ in the range of 0.924--0.984. It depicted that the fitting appeared very well and only 1.548--7.511% of total variance was not elucidated by the proposed model. In addition, suitability of the proposed model was examined using reduced chi-square. The reduced chi-square can be determined using equation ([2](#Equ2){ref-type=""}).$$\documentclass[12pt]{minimal}
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The estimated reduced chi-square ranged from 1.01832 × 10^−8^--2.49821 × 10^−4^, displaying the results of the proposed model was satisfactory.

Discrimination of fresh, half and completely spoiled beetroot samples {#Sec4}
---------------------------------------------------------------------

FTIR spectroscopy technique coupled to PCA analysis have been employed as a rapid and simple way to determine the moisture level of beetroot test samples. With the aid of PCA, the multidimensional FTIR datasets can be reduced without any significant loss of information. The percentage variance and cumulative variance described by the principal components attained by decomposition of sample FTIR data using PCA are given in Supplementary Table [3](#MOESM1){ref-type="media"}. The first column represented the principal component number, the second column displayed the Eigen value, the third column displayed the percentage of variance described by the principal components and the fourth column showed the cumulative variance. As can be seen from Supplementary Table [3](#MOESM1){ref-type="media"} and Fig. [1](#Fig1){ref-type="fig"}, 99.99% of the total variance of the sample FTIR data was collected with the two principal components. Based on the analysis, the multidimensional matrix was reduced to two principal components namely principal component 1 (PC1) and principal component 2 (PC2). The score plot for the discrimination of moisture content in fresh, half and completely spoiled beetroot test samples is presented in Fig. [2(c)](#Fig2){ref-type="fig"}. One can conclude from the score plot that fresh, half and completely spoiled beetroot samples were clearly discriminated from each other with respect to their moisture content. As evident from Fig. [2(c)](#Fig2){ref-type="fig"}, three well-separated groups were observed. All the fresh beetroot test samples were scattered together in one group at the left side of the score plot, which was represented as day 1--9 in Fig. [2(c)](#Fig2){ref-type="fig"}. Considering the completely spoiled beetroot test samples, they were scattered together in one group at the right side of the score plot, which was represented as day 21--34 in Fig. [2(c)](#Fig2){ref-type="fig"}. Similarly, half spoiled beetroot test samples were grouped and favourably located between fresh and completely spoiled beetroot samples at the centre of score plot, which was represented as day 10--20 in Fig. [2(c)](#Fig2){ref-type="fig"}. In addition, PCA results confirmed that fresh beetroot test samples retained their marketable quality for 9 days at 0 °C. About 50% of the beetroot test samples lost half of its initial moisture content after 20 days whereas, after 34 days of storage, 100% of the beetroot samples lost its initial moisture content completely. Clear separation between the three groups showed individual beetroot test samples with no overlap and allowed the identification of the level of moisture content in beetroot test samples.

Model calibration and assessment {#Sec5}
--------------------------------

Quantitative analysis of age of beetroot test samples was performed with the help of biphasic dose-response model. Figure [3(a--d)](#Fig3){ref-type="fig"} show the plots of *T*~*p*~ *vs* days and $\documentclass[12pt]{minimal}
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                \begin{document}$${\int }_{{\bar{\nu }}_{i}}^{{\bar{\nu }}_{f}}{T}_{p}d\bar{\nu }$$\end{document}$ *vs* days measured in the spectral ranges of 1465--1853 cm^−1^ and 2614--4000 cm^−1^ for the determination of age of beetroot using biphasic dose response model. In the applied spectral range of 1465--1853 cm^−1^ (Fig. [3(a) and (b)](#Fig3){ref-type="fig"}), peak transmittance and area under the transmittance curve exhibited noticeable increase in the first 9 days of beetroot storage. Later, both peak transmittance and area under the transmittance curve increased linearly with increasing day of beetroot storage from day 10 to day 19. Finally, peak transmittance and area under the transmittance curve increased in a hyperbolic fashion with the day of beetroot storage from day 20 to day 34. Similarly, in the applied spectral range of 2614--4000 cm^−1^ (Fig. [3(c) and (d)](#Fig3){ref-type="fig"}), peak transmittance and area under the transmittance curve increased linearly with increasing day of beetroot storage from day 10 to day 19. At last, peak transmittance and area under the transmittance curve increased in a hyperbolic fashion when the day of beetroot storage increased further (day 20--day 34).Figure 3The plots of *T*~*p*~ *vs* days and $\documentclass[12pt]{minimal}
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ANOVA was performed to evaluate the suitability and adequacy of the fitted biphasic dose-response model. ANOVA results (Table [2](#Tab2){ref-type="table"}) exhibited that regression coefficients (*T*~*pf*~, *T*~*pi*~, log *day*~1~, log *day*~2~, *h*~1~, *h*~2~, *p*, $\documentclass[12pt]{minimal}
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In order to assess the goodness of the fitted biphasic dose-response model, the residual analysis was performed. Supplementary Fig. [2(a--d)](#MOESM1){ref-type="media"} show the regular residual plots of *T*~*p*~ *vs* days and $\documentclass[12pt]{minimal}
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                \begin{document}$${\int }_{{\bar{\nu }}_{i}}^{{\bar{\nu }}_{f}}{T}_{p}d\bar{\nu }$$\end{document}$ *vs* days measured in the spectral ranges of 1465--1853 cm^−1^ (Supplementary Fig. [2(a) and (b)](#MOESM1){ref-type="media"}) and 2614--4000 cm^−1^ (Supplementary Fig. [2(c) and (d)](#MOESM1){ref-type="media"}) for the determination of age of beetroot using biphasic dose response model. As can be seen from Supplementary Fig. [2(a--d)](#MOESM1){ref-type="media"}, the data points were randomly dispersed around the horizontal axis (f(days) = 0), assuring that fitted biphasic dose-response model was acceptable and reliable for the determination of age of beetroot samples.

To evaluate the accuracy of the fitted biphasic dose-response model, RPE, RMSECV and % recovery were calculated. The calibrated model showing good prediction accuracy has low RPE, RMSECV and 100% recovery. The error analysis results exhibited that fitted biphasic dose-response function over the spectral range of 2614--4000 cm^−1^ displayed small RPE (RPE(*T*~*p*~ *vs* days) = 0.028 & RPE($\documentclass[12pt]{minimal}
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Analytical application {#Sec6}
----------------------

In order to study the practicability of the proposed analytical method, two freshly harvested beetroots were collected and refrigerated at 0 °C. For the measurements, beetroot samples after 12 and 25 days of storage were taken, which were represented as beetroot sample 1 and 2 respectively in Fig. [4(a)](#Fig4){ref-type="fig"}. Later, the beetroot samples were cut into small pieces (3 × 4 × 2 cm) and ATR-FTIR spectra were collected for each beetroot sample (Fig. [4(a)](#Fig4){ref-type="fig"}). After normalizing the FTIR spectra, Gaussian curve fitting algorithm was applied on FTIR datasets (Fig. [4(b)](#Fig4){ref-type="fig"}). The formulated Gaussian fitted FTIR spectra of beetroot samples after 12 and 25 days of storage were obtained as,Figure 4(**a**) FTIR spectra of beetroot samples 1 and 2 measured in the spectral range of 600--4000 cm^−1^, (**b**) Gauss fitted FTIR spectra of beetroot samples 1 and 2 recorded in the spectral range of 2614--4000 cm^−1^, (**c**) principal component analysis score plot for beetroot quality classification and determination of age of beetroot using biphasic dose response model: (**d**) *T*~p~ *vs* days and (**e**) $\documentclass[12pt]{minimal}
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Figure [4(c)](#Fig4){ref-type="fig"} shows the score plot for beetroot quality classification. The beetroot sample 1 was circled in red colour and marked with black colour on the score plot and it was located at the left side of the score plot. Regarding the beetroot sample 2, it was circled in red colour and marked with violet colour on the score plot. The beetroot sample 2 was located at the right side of the score plot. All these score plot results indicated that the beetroot sample 1 lost half of its moisture content whereas beetroot sample 2 lost its moisture content completely.

In order to predict the age of beetroot sample 1 and 2, the calibrated biphasic dose-response models (Eqs [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""}) were used. The fitted biphasic dose-response models over the datasets of T~p~ = f(days) (Fig. [4(d)](#Fig4){ref-type="fig"}) and $\documentclass[12pt]{minimal}
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                \begin{document}$${\int }_{{\bar{\nu }}_{i}}^{{\bar{\nu }}_{f}}{T}_{p}d\bar{\nu }$$\end{document}$ = f(days) (Fig. [4(e)](#Fig4){ref-type="fig"}) determined the ages of beetroot sample 1 and 2 as 11.83, 11.76 days and 24.59, 24.27 days respectively with an accuracy of 97.5%. All these results suggest that PCA combined with FTIR technique can determine the age and moisture level of beetroot with enhanced accuracy.

Conclusion {#Sec7}
==========

In this study, the age of beetroot and discrimination of moisture content in fresh, half and completely spoiled beetroot samples were successfully performed by coupling ATR-FTIR technique with PCA analysis. The developed biphasic dose-response model accurately determined the age of beetroot samples with a very minimal RPE and RMSECV. The proposed analytical method doesn't require sample pre-treatment. One of the advantages of this work is that the ATR-FTIR technique coupled with PCA works accurately without any false positive results when the beetroot is refrigerated at 0 °C. Moreover, the proposed analytical method is rapid, simple, easy to operate and suitable for continuous monitoring of moisture content during production, storage, distribution and transportation of beetroot.

Materials and Methods {#Sec8}
=====================

Sample preparation {#Sec9}
------------------

A total of ten beetroots (*Beta vulgaris L*.) samples were collected from a local supermarket in Thanjavur, India. In this research, two beetroot samples were employed to test and validate the proposed beetroot quality predictive models in investigating the moisture content and ages of beetroot samples. For the measurements, beetroot samples were cut into small pieces (3 × 4 × 2 cm) and spectra were collected for each beetroot sample.

FTIR measurement {#Sec10}
----------------

The FTIR spectra of beetroot samples were recorded on Alpha T FTIR spectrometer (Bruker, Germany) using attenuated total reflectance (ATR) in the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^ with a spectral resolution of 8 cm^−1^. Frequent FTIR measurements were recorded directly from the beetroot sample surface over a period of 34 days. During each measurement, the FTIR spectra were normalized. Prior to every single measurement, a background air spectrum was scanned in order to minimize baseline correction. The background spectrum was then subtracted from the sample spectrum. After each measurement, the sample holder in the FTIR was cleaned with ethanol and distilled water. All data processing and manipulation of FTIR spectra were carried out using MATLAB 2016b software.

Establishing calibration equation {#Sec11}
---------------------------------

In order to estimate transmittance peak height and area under the transmittance curve over the spectral ranges of 2614--4000 cm^−1^ and 1465--1853 cm^−1^, Gaussian curve fitting algorithm was performed on the collected FTIR data. The Gaussian function is capable of describing the dependencies between transmittance and wavenumber. The parameters namely transmittance peak height and area under the transmittance curve were calculated using the relation (equation ([9](#Equ9){ref-type=""})),$$\documentclass[12pt]{minimal}
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Qualitative principal component analysis {#Sec12}
----------------------------------------

In this work, PCA, an unsupervised method of multivariate analysis, was employed to represent the variations presents in beetroot samples using the smallest number of principal components. PCA of mid-infrared FTIR spectral data was performed in order to sort beetroot samples according to their moisture levels as well as to monitor the interrelated clusters and sub-clusters in which the beetroot samples can be scattered. Beetroot samples were sorted into three groups based on its moisture content. In the score plot of PCA, two principal components were taken into account to allow the graphical display of whole FTIR dataset.

Validation of results {#Sec13}
---------------------

The predictive ability of proposed biphasic dose-response models to correctly identify the age of the beetroot from the day on which it has been refrigerated immediately after harvesting was compared and validated by estimating relative prediction error (RPE) (equation ([12](#Equ12){ref-type=""})), percentage recovery (% recovery) (equation ([13](#Equ13){ref-type=""})) and root mean square error of cross-validation (RMSECV) (equation ([14](#Equ14){ref-type=""})).$$\documentclass[12pt]{minimal}
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